Abstract Neuronal intermediate filament inclusion disease (NIFID) is an uncommon neurodegenerative condition that typically presents as early-onset, sporadic frontotemporal dementia (FTD), associated with a pyramidal and/or extrapyramidal movement disorder. 
Introduction

Neuronal intermediate filament inclusion disease (NIFID)
is an uncommon neurodegenerative condition [37] that was first recognized as a unique entity, based on the neuropathological finding of neuronal inclusions that are immunoreactive for neurofilament (NF) proteins but negative for tau and a-synuclein [6, 9, 14, 17, 18, 24, 40] . It was initially referred to as neurofilament inclusion (body) disease, however, subsequent studies demonstrated the inclusions to be immunoreactive for all class IV intermediate filaments (IF), including a-internexin, as well as light, medium and heavy NF subunits [8, 10, 11] .
Twenty cases of NIFID have been published to date [6, 8, 9, 14, 17-19, 24, 27, 33, 40, 41] . Although there is significant variation in the clinical and pathological features [8] , enough similarities have emerged to suggest that this represents a distinct entity. The typical presentation is early-onset, sporadic FTD, associated with a pyramidal and/or extrapyramidal movement disorder (Table 1) . Additional clinical manifestations have included falls, dystonia, myoclonus, ophthalmoplegia, memory deficits, seizures, eating disorders and psychiatric symptoms. There have been two cases with neurological abnormalities during childhood [24, 33] and, although most cases appear to be sporadic, two had a single relative with dementia or movement disorder [24, 27] .
The neuropathological findings in NIFID are also heterogeneous [8] . Chronic degenerative changes may affect a variety of cortical and subcortical regions, with the frontal and temporal lobes and caudate nucleus most consistently and severely involved. Several different types of neuronal cytoplasmic and intranuclear inclusions (NCI and NII, respectively) have been described, that vary in morphology, histochemical staining, immunoreactivity, ultrastructure and anatomical distribution [8, 29, 36] . By definition, these inclusions show no immunoreactivity for tau, a-synuclein or TDP-43 but at least some are immunoreactive for IFs. Antibodies against phosphorylated and phosphorylation independent epitopes of all three NF subunits label some of the inclusions, however, a-internexin immunohistochemistry (IHC) tends to be more sensitive [8, 10, 11] .
Although the presence of IF-immunoreactive (IF-ir) neuronal inclusions is the defining feature of NIFID, the actual role of IFs in the pathogenesis of this condition remains uncertain. Biochemical studies of post-mortem brain tissue have failed to demonstrate any abnormal molecular modification of IFs in NIFID [11, 29] and no pathogenic variants of the corresponding genes have been identified [28] . More importantly, several published reports of NIFID have indicated that only a proportion of the inclusions are IF-ir [6, 18, 24, 36, 41] . The fact that IF IHC may also label the characteristic inclusion bodies of many other common neurodegenerative conditions, in which the primary molecular defect is known to be something other than IFs [1, 10, 23] , leaves open the possibility that some other protein may play a more central role in the pathogenesis of NIFID [24, 29, 41] .
Recently, two studies have identified mutations in the gene encoding the fused in sarcoma (FUS) (also known as translated in liposarcoma, TLS) protein, as the cause of familial amyotrophic lateral sclerosis (FALS) type 6 [20, 38] . These reports describe the associated pathology as including NCI that are immunoreactive for FUS (FUS-ir) but negative for TDP-43. Because of the recognized clinical, genetic and pathological overlap between ALS and FTD, we speculated that FUS might be the pathological protein in some cases of FTD in which the molecular defect is currently unknown. We recently confirmed this hypothesis in a subgroup of FTD cases that we had previously reported under the name ''atypical FTLD-U'' (aFTLD-U) [25, 31, 34] . In the present study we extend our investigations of the possible role of FUS in tau/TDP-43-negative FTLD to include NIFID.
Materials and methods
Cases
All cases fulfilling current neuropathological diagnostic criteria for NIFID [7] were retrieved from the neurodegenerative disease brain banks at the University of British Columbia, Vancouver, Canada (n = 3) and Ludwig-Maximilians University, Munich, Germany (n = 2). Clinical and pathological details of two of the cases (case 1 and 5, Table 1 ) have been published previously [24, 33] . For FUS IHC, neurological control cases included FTD with TDP-43 pathology (FTLD-TDP, n = 12, including 2 each of sporadic type 1, 2 and 3, familial with progranulin gene mutations, valosin containing protein gene mutations and familial linked to chromosome 9p), tauopathies (n = 8, including 2 each of Pick's disease, progressive supranuclear palsy, corticobasal degeneration and argyrophilic grain disease), Alzheimer's disease (n = 2), Parkinson's disease combined with dementia with Lewy bodies (n = 2), multiple system atrophy (n = 2), Huntington's disease (n = 2) and ALS (n = 6, including 2 each of SALS, FALS with SOD1 mutations and FALS with SOD1 mutations excluded). Normal control tissue was from two elderly patients with no history of neurological disease.
FUS antibodies
We tested a number of commercially available anti-FUS antibodies, each of which recognizes a different epitope ( Table 2 ). Immunohistochemistry (IHC) using three of the four antibodies (Bethyl Laboratories A300-302A, SigmaAldrich HPA008784 and Santa Cruz Biotechnology sc-47711) demonstrated the normal physiological pattern of staining and also labeled the pathological lesions. The Santa Cruz sc-47711 antibody only worked on frozen sections while the other two showed similar results on sections of formalin fixed, paraffin embedded material. The polyclonal antibody from Sigma-Aldrich was used for all subsequent IHC.
Immunohistochemistry
All IHC was performed on 5-lm thick sections of formalin fixed, paraffin embedded tissue using the Ventana BenchMark Ò XT automated staining system (Ventana, Tuscon, AZ) and developed with aminoethylcarbizole (AEC). The primary antibodies employed recognized FUS (SigmaAldrich anti-FUS; 1:25-1:200 with initial overnight incubation at room temperature, following microwave antigen retrieval), ubiquitin (DAKO anti-ubiquitin; 1:500, following microwave antigen retrieval), hyperphosphorylated tau (Innogenetics AT-8; 1:2,000 following microwave antigen retrieval and Sigma TAU-2; 1:1,000 with 3 h initial incubation at room temperature), a-synuclein (Zymed anti-a-synuclein; 1:10,000, following microwave antigen retrieval), Ab (DAKO anti-beta amyloid; 1:100 with initial incubation for 3 h at room temperature), a-internexin (Zymed anti-alpha-internexin;1:500 with 3 h initial incubation at room temperature, following microwave antigen retrieval), nonphosphorylated neurofilament (NF) (DAKO anti-neurofilament protein; 1:2,000, following protease digestion), phosphorylated neurofilament (pNF) (Sternberger SMI 31; 1:8,000, following protease digestion), p62 (BD Transduction Laboratories p62 Lck ligand; 1:500 following microwave antigen retrieval), TDP-43 (ProteinTech Group anti-TARDBP; 1:1,000 following microwave antigen retrieval) and expanded polyglutamine repeat regions (Chemicon 1C2; 1:1,000, 24 h at room temperature following formic acid pre-treatment).
Based on the amount of normal physiological staining, it was apparent that the anti-FUS sensitivity was greatly influenced by the degree of tissue fixation and that this was only partially reversed by antigen retrieval. Therefore, the dilution of the primary antibody was adjusted in each case (from 1:25 to 1:200) to allow for faint physiological staining that ensured sensitivity (internal positive control) but did not compromise visualization of the pathology.
In cases of NIFID, IHC for ubiquitin, a-internexin and FUS was performed on sections representing a wide range of neuroanatomical regions. For control cases, the region of maximal pathology was evaluated with FUS IHC.
FUS-ir pathology was evaluated using a semiquantitative grading system, similar to that used in several previous studies [24, 25, 34] , in which the pathological lesions are scored as none (-), rare (?), occasional (??), common (???) or numerous (????). A grading of ''rare'' indicates that, although present, extensive survey of the tissue section is required for identification. ''Occasional'' means that the lesions are easy to find but not present in every microscopic field. The pathology is considered ''common'' when at least one example is present in most high-powered fields. When many lesions are present in every highpowered field, then the lesions are considered to be ''numerous''. Immunofluorescence Double-label immunofluorescence was performed on selected regions from NIFID cases using a rabbit polyclonal anti-FUS antibody (Sigma-Aldrich anti-FUS; 1:25) and either a mouse monoclonal anti-ubiquitin antibody (Chemicon 1510; 1:20,000) or a mouse monoclonal a-internexin antibody (Zymed, 1:500). The secondary antibodies were Alexa Fluor 594 conjugated anti-rabbit and Alexa Fluor 488 conjugated anti-mouse (Molecular Probes; 1:500). 4 0 -6-diamidino-2-phenylindol (DAPI) was used for nuclear counterstaining.
Molecular genetic analysis
Molecular genetic analysis was performed on NIFID case #2 and six pathologically normal controls with fresh-frozen post-mortem cerebellar tissue available. Genomic DNA (gDNA) sequencing of all 15 exons and flanking intronic regions of FUS were performed as described previously [31] . For complementary DNA (cDNA) analysis, total RNA was extracted using Trizol and the Pure Link system (Invitrogen, Carlsbad, CA), and the quality and quantity assessed on the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). First-strand synthesis was carried out using the Superscript III system (Invitrogen, Carlsbad, CA), with 200 ng of total RNA as the template and a gene-specific primer, designed to the 3 0 UTR of FUS (CTTGGGT GATCAGGAATTG). RT-PCR and sequencing of the complete FUS cDNA was performed in four overlapping fragments as previously described [31] . FUS mRNA expression analysis was performed using a gene expression assay from Applied Biosystems for FUS (Hs00192029_m1), and normalized to GAPDH (Hs00266705_g1) as previously described [31] .
Results
Clinical features
The NIFID cases used in this study had demographic and clinical features, similar to those previously reported for this condition, including early age of onset, short disease duration, absence of family history, initial presentation with FTD [30] and high frequency of pyramidal motor features (Table 1) . In two patients, the FTD was manifest as abnormal behavior, in one as progressive non-fluent aphasia and the other two had a combination of behavioral and non-fluent language dysfunction. The only unusual aspect was the high proportion of female subjects in our group and the relative infrequency of extrapyramidal dysfunction.
Neuropathology (general)
All post-mortem brain specimens were small (mean weight = 1,050 g) with symmetric atrophy of the frontal lobes. Chronic degenerative changes of neuronal loss and reactive gliosis were most prominent in the frontal and temporal neocortex, basal ganglia, thalamus, substantia nigra, periaqueductal gray matter, inferior olive and cerebellar dentate nucleus. Decreased myelination of the corticospinal tracts and appreciable loss of lower motor neurons was present in 3/5 cases (cases 1, 2 and 5), however, no Bunina bodies were seen.
The variety of neuronal inclusions found in our cases was consistent with previous descriptions (Table 3 ) and, with the exception of round NII (see below), all cases showed the same spectrum of pathological changes. The most common type of NCI was small round, oval or capshaped Pick body-like (PBL) inclusions that were welldefined, slightly eosinophilic or basophilic and rarely argyrophilic (Fig. 1a ). These were numerous in affected regions of cerebral neocortex, hippocampus and in specific subcortical regions. PBL NCIs showed consistent, but often weak, immunoreactivity for ubiquitin and p62 (Fig. 1b) . Immunostaining for IFs was more intense and a greater number were labeled with the a-internexin antibody than for NFs, however, only a small proportion of PBL inclusions demonstrated with hematoxylin and eosin stain or ubiquitin IHC were IF-positive. Interestingly, many neurons that contained an IF-negative PBL NCI showed intense diffuse IF-immunoreactivity in the surrounding cytoplasm (Fig. 1c) .
NCI with other morphologies, including thin crescents, annular rings and tangle-like inclusions were moderately common in the neocortex, hippocampus and striatum. These were not easily appreciated with HE stain and had a similar immunophenotype as the PBL inclusions, being weakly ubiquitin-positive and occasionally showing immunoreactivity for IFs (Fig. 1d) .
Hyaline conglomerate (HC) inclusions were much less frequent (rare to occasional) and appeared as irregular, multilobulated masses that often compressed the nucleus (Fig. 1e ). They were weakly eosinophilic with a glassy, filamentous appearance and sometimes had a dense, brightly eosinophilic core. Most stained intensely with Bielschowsky silver method. They were most frequent in the neocortex and a number of subcortical regions, such as the thalamus, basis pontis and inferior olive. HC inclusions were less often immunoreactive for ubiquitin and most were strongly immunoreactive for IFs (Fig. 1f) .
Two types of NII were identified. In all cases, ubiquitin IHC demonstrated single straight, curved or twisted, thick filamentous (vermiform) NII that were most numerous in the dentate granule cells but also found in pyramidal neurons of the neocortex, hippocampus and some subcortical regions (Fig. 1g, h ). These were not visible with HE stain or with IHC for IFs or p62. In addition, large, round, brightly eosinophilic NII were present in only 2/5 cases (Fig. 1i) , a similar frequency as described in previous NI-FID series [8] . These were most numerous in the neocortex and rare in the hippocampus and subcortical regions. They showed intense immunoreactive for ubiquitin and p62 but not for IFs. Neither type of NII was immunoreactive with the 1C2 antibody. Neurons with either type of NII often also contained a PBL NCI (Fig. 1g, i) .
No significant pathology was demonstrated with IHC for Ab, tau, a-synuclein or TDP-43.
FUS immunohistochemistry
The normal physiological staining pattern of FUS was equally well demonstrated in normal controls, neurological controls and NIFID cases. This consisted of strong immunoreactivity of neuronal nuclei, weaker but consistent staining of neuronal cytoplasm and more variable reactivity of glial nuclei (Fig. 2a) . Both the nuclear and cytoplasmic staining was generally diffuse but with occasional small granular structures. With one exception, none of the controls showed any abnormal FUS immunoreactivity. Specifically, FUS IHC did not label senile plaques, neurofibrillary tangles, dystrophic neurites, Lewy bodies, Lewy neurites, Pick bodies, ballooned neurons, neuronal inclusions in ALS or FTLD with TDP pathology or glial inclusions in tauopathies or MSA. The exception was HD in which the characteristic small round NII were strongly and uniformly FUS-ir, a finding that has been reported previously [13] .
In cases of NIFID, FUS IHC labeled NCI and NII of similar morphology, number and anatomical distribution were as demonstrated with ubiquitin IHC (Fig. 2a-g ). However, the FUS immunoreactivity was much more intense (Table 3 ) and in some anatomical regions, more FUS-positive inclusions were present (Table 4) .
In all anatomical regions of all cases, more pathology was demonstrated with IHC for FUS than with any of the IF antibodies (Table 4 ). There were many more FUS-ir PBL, crescentic, annular and tangle-like NCI than were seen with IHC for NF proteins or a-internexin. The only type of NCI that was better demonstrated with IF IHC were the HCs. Although FUS IHC occasionally labeled complex NCI with HC morphology (Fig. 2f) , more often, neuronal populations known to harbor HCs showed only small round dots of FUS immunoreactivity. FUS IHC also demonstrated a number of types of inclusions that were not seen at all with IHC for IFs. These included the vermiform NII, aggregates of coarse cytoplasmic granules in some neuronal populations and glial cytoplasmic inclusions. The focal aggregates of FUS-ir coarse granules were easily distinguished from non-immunoreactive lipofuscin and were most common in the brainstem, cerebellar dentate nucleus and lower motor neurons of the spinal cord (Fig. 2h) . Glial cytoplasmic inclusions were common in the cerebral white matter and included small round bodies adjacent to the nucleus and small tangle-like inclusions (Fig. 2i) . Based on the size and shape of the adjacent nuclei, these inclusions appeared to be in both oligodendrocytes and astrocytes. Although the variation in staining intensity prevented quantitation, it was evident that neurons harboring FUS-ir inclusions (either NCI or NII) often still retained at least some of their normal physiological FUS staining (Fig. 2a) . Most of the IHC was performed using a single antibody that recognizes a mid-region epitope of FUS (Sigma-Aldrich HPA008784, against epitope aa 86-213), however, we confirmed that the inclusions were also immunoreactive with antibodies against the C-and N-terminus (Table 2 , Fig. 2c ).
Double-label immunofluorescence
Double-labeling immunofluorescence with a combination of ubiquitin and FUS antibodies confirmed that all the ubiquitin-ir inclusions were also FUS-positive (Fig. 3) . Moreover, there were significant numbers of NCI that only labeled for FUS and not for ubiquitin (Fig. 3b) . The vermiform NIIs showed consistent co-localization of both ubiquitin and FUS (Fig. 3) . Double-labeling for FUS and a-internexin confirmed the IHC results and was particularly helpful in clarifying the relationship between the two proteins in the different types of inclusion. First, many neurons contained NCIs that were only immunoreactive for FUS (Fig. 4a-c) . Some of these cells with FUS-only NCI showed intense diffuse a-internexin immunoreactivity in the surrounding cytoplasm (Fig. 4b, c) . Vermiform NII were only FUS-positive and never labeled for a-internexin (Fig. 4b) . Second, a significant proportion of neurons contained inclusions immunoreactive for both markers. Notably, all of the neurons with compact a-internexin-positive deposits also contained FUS-ir inclusions. Importantly, however, FUS and a-internexin clearly labeled discrete inclusions or different regions of an inclusion in these cells and there was only marginal overlap between the proteins (Fig. 4d-h ). HC inclusions were composed mainly of a-internexin but always had at least a small FUS-ir component, either as an intensely stained central dot (Fig. 4g) , or at the periphery of inclusion (Fig. 4h) .
Molecular genetic analysis of FUS
Complete gDNA and cDNA sequencing analysis of FUS in NFID case #2 did not identify any mutations. FUS mRNA expression also did not show any significant increase or decrease in expression, compared to normal controls.
Discussion
The neuropathology associated with clinical FTD is heterogeneous, with the common feature being relatively selective degeneration of the frontal and temporal lobes (frontotemporal lobar degeneration, FTLD) [7, 35] . As with many other neurodegenerative conditions, the pathology of most cases of FTLD also includes the presence of abnormal intracellular protein aggregates. In recent years it has become popular to classify the FTLDs based on the molecular defect that is presumed to be pathogenic or most characteristic [7, 26] . The majority of cases are associated with the abnormal accumulation of either tau protein (FTLD-tau) or TDP-43 (FTLD-TDP) [26] . However, there remain a number of uncommon FTLD subtypes in which there is no evidence of pathological tau or TDP-43 and in which the nature of the molecular defect is unknown; these include dementia lacking distinctive Recently, mutations in the FUS gene, on chromosome 16, have been identified as a cause of familial ALS (FALS) [20, 38] . In the two initial studies, a total of 14 different mutations were reported in 26 unrelated families, representing 4% of FALS in these combined series. The clinical phenotype was classical ALS, with no associated cognitive dysfunction. Post-mortem pathology was described in four patients and included FUS-ir NCIs in lower motor neurons, in the absence of TDP-43 pathology [38] .
FUS is a ubiquitously expressed protein [2, 3] that binds to RNA [12, 42] and DNA [32] and is involved in diverse cellular processes including cell proliferation [5] , DNA repair [4] , transcription regulation, RNA splicing [39] and the transport of RNA between intracellular compartments [42] . In most cell types, FUS is present in both the nucleus and cytoplasm, however, in neurons there is proportionally more in the nucleus and expression in glia is exclusively nuclear [3] . FUS may be involved in neuronal plasticity and the maintenance of dendritic integrity by transporting mRNA, including those encoding actin-related proteins, to dendritic spines for local translation in response to synaptic stimulation [15, 16] . In contrast, FUS deficient neurons show decreased spine arborization and morphology [15] . Chromosomal translocation of the 5 0 portion of FUS results in several fusion oncogenes that are each associated with specific types of human cancer, including myxoid liposarcoma, Ewing's sarcoma and acute myeloid leukemia [22] . Because of the recognized clinical, pathological and genetic overlap between ALS and FTD, and the high degree of functional homology between FUS and another ALS/FTD associated protein (TDP-43) [21] , we hypothesized that FUS might also be the pathological protein in some cases of tau/TDP-43-negative FTLD. In a recent study [31] , we evaluated FUS in subgroup of FTD cases that we had previously reported under the designation ''atypical FTLD-U'' (aFTLD-U), because they have an unusual clinical phenotype and neuropathology characterized by inclusions that are only immunoreactive for ubiquitin and other proteins of the UPS, such as p62 (FTLD-UPS) [25, 34] . In that study, we found that all the ubiquitin/p62-ir neuronal inclusions in aFTLD-U cases were also immunoreactive for FUS [31] . FUS IHC also demonstrated previously unrecognized inclusions in glial cells. The pathological changes were labeled with multiple antibodies that recognize different epitopes across the entire FUS protein. Immunoblot analysis confirmed increased amounts of insoluble FUS in post-mortem aF-TLD-U brain tissue from these cases. All cases were sporadic and molecular genetic analysis did not identify any mutations in the FUS gene or abnormal levels of FUS mRNA expression. The specificity of this finding was confirmed by the absence of FUS-ir pathology in neurological control cases with FTLD-tau and FTLD-TDP, as well as other common neurodegenerative conditions. We interpreted these findings as indicating that FUS is the pathological protein in aFTLD-U and that the associated pathology should therefore be reclassified as FTLD-FUS.
In the present study, we performed a similar evaluation of the possible role of FUS protein in NIFID. Although this condition is defined by the presence of NCI that are immunoreactive for IF proteins, it is questionable whether or not IF proteins play a direct role in the pathogenesis [24, 29, 41] . In several previous reports of NIFID there is a clear indication that only a proportion of the inclusions stain for IFs [6, 18, 24, 36, 41] . Moreover, this finding is not disease specific since NF proteins have been demonstrated as a minor component of the characteristic neuronal inclusions in a number of neurodegenerative conditions (including Alzheimer's Disease, Parkinson's disease, dementia with Lewy bodies, Pick's disease, progressive supranuclear palsy and ALS), where they are not believed to represent the primary molecular defect [1, 23] . Less information is available for a-internexin, however, one study demonstrated immunoreactivity in a proportion of neurofibrillary tangles, Lewy bodies and NCI in FTLD-TDP [10] . These findings, together with the lack of evidence for any molecular genetic or biochemical alteration of IFs in NIFID [11, 28, 29] suggests that some other protein may be more central to the pathogenesis.
The findings of this study suggest that FUS may be involved in the pathogenesis of NIFID and is more likely to be the major pathological protein than IFs. IHC showed that, in all cases, FUS-ir inclusions were more numerous than those labeled for IFs. There were several specific types of FUS-ir inclusions that never labeled for IFs (i.e. vermiform NII, granular aggregates in neurons and glial cytoplasmic inclusions) ( Table 3 ) and some anatomical regions had abundant FUS-ir pathology but little or no IF pathology (Table 4) . Importantly, double-label immunofluorescence demonstrated that all cells with IF-ir NCI also had focal accumulation of FUS. Finally, the major types of FUS-ir inclusions in NIFID are very similar in morphology and anatomical distribution to those previously described in our aFTLD-U cases which lack any IF pathology [31] . In particular, the vermiform NII, that were present in all our NIFID cases, and which have been noted in some previous reports [8, 18] , appear to be a specific feature of cases with FUS-ir pathology [25, 31, 34] .
The results of our double-label immunofluorescence were particularly intriguing and offer an explanation for the heterogenous nature of the inclusions found in NIFID, by demonstrating that each type of inclusion may have multiple elements with differing biochemical composition. PBLs seem to be composed almost exclusively of FUS with varying degrees of ubiquitination. The major component of most HCs is bundles of IFs that always surround or are adjacent to small FUS aggregates. Crescentic, annular and tangle-like NCIs each have discrete regions composed of FUS and IFs. NII seem to be mostly FUS with a high degree of ubiquitination. These findings are reminiscent of previous studies that have described the ultrastructure of different types of inclusions in NIFID as having variable composition of different types of filaments and granular material in various arrangements [6, 8, 9, 18, 24, 29, 36] . Moreover, two studies that employed immuno electron microscopy (EM) found that IFs often localized to different regions of an inclusion than were labeled for ubiquitin or p62 [29, 36] . Final resolution of this issue should now be possible by performing immuno EM using a combination of FUS and IF antibodies.
Finally, the relative distribution of FUS and IF demonstrated with double-labeling also suggests a temporal sequence for the formation of some NCI. The presence of intense, diffuse cytoplasmic staining for IF in some neurons with FUS-ir NCI is similar to what has been reported in previous IHC studies [24, 36, 41] and suggests that an initial defect in FUS activity (either loss of some normal function or toxic effect of abnormal FUS aggregates) may lead to a secondary abnormality in the expression, processing or intracellular trafficking of IFs. This seems quite plausible, given the normal role of FUS in such processes as transcription regulation [39] and the transport of mRNA encoding cytoskeletal proteins from the soma into cell processes [16] . Alternatively, the strong IFimmunoreactivity may simply represent concentration of the normal cellular allotment of IF as the FUS-ir NCI compresses the cytoplasm. Regardless of the mechanism, the higher concentration of IFs in these cells could predispose to the formation of abnormal focal aggregates of IF proteins that might be geographically distinct from the preexisting FUS inclusion. Our finding that when compact accumulations of FUS and IF occur in the same cell, they do not co-localize but form discrete inclusions, is consistent with this model, rather than normal physiological IF simply becoming secondarily entrapped within abnormal FUS aggregates. Future in vitro studies of the effect of aberrant FUS activity (such as expression of pathogenic FUS mutations) on IFs, should help to clarify the temporal and spatial relationship between FUS and IF pathology.
In summary, we have demonstrated abundant abnormal accumulation of FUS to be a consistent feature of NIFID. The semiquantitative IHC results and the findings with double-label immunofluorescence suggest that FUS accumulation occurs earlier and is therefore more likely to play a central role in the disease pathogenesis than the abnormal accumulation of IFs, which may be a secondary phenomenon. According to the recent consensus recommendations for FTLD nomenclature, the neuropathology of NIFID should therefore be revised from the current designation of FTLD-IF to FTLD-FUS (NIFID) [26] . However, whether or not FUS truly represents the primary pathological protein defect in NIFID will require more detailed molecular studies and genetic analysis of additional cases. Further studies are also needed to determine the full spectrum of neurodegenerative conditions characterized by pathological FUS and the clinical and pathological relationships between these conditions should be re-evaluated. Although all of the cases of FTLD-FUS we have identified to date (both aFTLD-U and NIFID) have been sporadic, mutations in FUS should obviously be considered in any case of familial disease with FUS pathology. Finally, the identification of FTLD-FUS as a new molecular category provides further evidence that ALS and FTD are closely related neurodegenerative conditions.
